Abstract -We develop a method for fabricating hyperbolic metamaterials for terahertz (THz) applications. We prepare a porous silicon matrix with a triangular lattice of holes, which we fill with copper by means of electrochemical deposition. We study transmission properties of this wire medium using THz time-domain spectroscopy, and demonstrate hyperbolic media properties.
I. INTRODUCTION
Numerous theoretical and numerical studies show exotic properties of hyperbolic metamaterials based on a wire medium [1] . Experimentally, wire media have been realised for microwave and optical frequencies, however at THz frequency it is still a challange to make such structues. For fabrication of wire metamaterials operating at THz, infrared and visible frequencies, the most promising techniques are based on self-organization processes, which determine the arrangement and structure of metal wires. An example of such technology is the method of electrochemical etching, which allows fabrication of porous matrix of semiconductors [2, 3] and dielectrics [4] . The pores of matrices can be filled with different materials, including metals. This makes such matrices a basis for many composite dielectric-dielectric, metal-dielectric, metal-semiconductor and semiconductor-dielectric structures. The matrices can be fabricated with different hole sizes from several nanometres to several microns with a lattice constant ranging from tens of nanometres to several microns.
In this work, we fabricate large area macroporous matrix with a triangular lattice in lightly doped silicon and filled pores with copper using electrochemical deposition. As a result, the this medium exhibits hyperbolic media properties in the terahertz frequency range.
II. FABRICATION OF THE WIRE MEDIUM BASED ON MACROPOROUS SI
To fabricate a triangular lattice of macropores in n-type Si(100) wafer of the thikness of 250 μm, and resistivity of ρ=5 Ω· cm, we use a photoelectrochemical etching technique [5, 6] . Employing this method, we fabricate a macroporous matrix with through pores (of the same lenght as the substrate thickness, 250 μm) with the pore diameter of 2 μm and lattice constant of 4 μm (see Fig. 1a ). To create a wire medium, we use the method of electrochemical deposition of metals [7] . First, one side of the macroporous matrix is covered by a gold layer using vacuum deposition, so that the whole surface including pores is covered by gold. Then, we performe the metal deposition of copper for 3000 minutes of an alcoholic solution of CuCl 2 at the potential of -1 V in the potentiostatic regime. Next, gold is removed by nitro-hydrochloric acid. The filling fraction of the macroporous matrix is then measured by gravimetric method, and it is found to be approximately 70%. As a result, we create the wire medium (wire diameter of 2 μm, length of 250 μm, lattice constant of 4 μm) made of copper enclosed in the matrix of lightly doped Si (see schematics in Fig. 1b) . Surface of the wire medium is shown in Figure 1c . The manufactured sample area is 2.5cm by 2.5cm. 
III. EXPERIMENTAL CHARACTERIZATION
Characterization of the THz response of the fabricated wire medium is performed using EKSPLA THz timedomain spectroscopy setup (THz-TDS). Transmission spectra of the wire medium are mesuared for different angles of incidence (deviation from the normal of 0, 5, 10 and 15 degrees). Measurement of the transmission spectra for larger angles is not possible in our setup due to a dramatic increase of absorbtion of THz waves in the wire medium, because of the increase of the electric field component directed along the wires. As a reference, we also mesuare the transmission spectra for the lightly doped Si substrate and for the macroporous matrix without copper infiltration. All measured spectra are normalised to the free-space transmission.
Assuming purely dielectric response of the metamaterial, we use measured complex transmission data for retreiving the index of refraction of the composite medium, by numerically inverting the Fresnel equations. The intensity I of the THz radiation transmitted through the wire medium can be found as
where d is the thickness of the sample (250 μm), ϕ is the angle of incidence, n 1 and n 2 are the refractive indices of the wire medium and air, respectively, ω is angular frequency, and c is the speed of light. To test our extraction procedure, we measure the properties of the substrate and of the porous matrix. The refractive index of the lightly doped Si obtained from the analysis of the transmission spectra is found to be approximately 3.4, which is consistent with the values found in literature [8] . The refractive index of the macroporous matrix is around 2.67 which corresponds to the effective refractive index calculated from Maxwell-Garnett model [9] .
The results of the retreived refractive index using Fresnel formula for the wire medium are shown in Fig. 2a . The dependence of the refractive index on the angle of incidence is also calculated using interference fringes at 1.4 THz, and it is shown in Figure 2b . Lower accuracy of determening of the refrective index is due to the difficulty of identifying the peaks of the interference, as compared to the calculations using Fresnel formula.
For the normal incidence of the THz waves, the refractive index is equal to the refractive index of the matrix medium (Si). This result is consistent with the theoretical analysis presented in Ref. [10] . We observe an increase of the refractive index with the increase of the angle of incidence. This is due to the fact that the wire medium is a uniaxial material, and with the propagation at an arbitrary angle the effective index becomes dependent on all components of the dielectric tensor. In this case, the change of the angle involves excitation of the currents in the wires by the component of the electric field directed along the wires. We show that this effect is a clear indication that our sample shows the properties of an anysotropic medium in the form of a hyperbolic material [1] . At the same time, with the increase of the refractive index with angle, both the reflection and absorbtion in the material grow, making it hard to characterise the sample. 
IV. CONCLUSIONS
We have fabricated large scale terahertz wire metamaterial by employing the readily available electrochemical methods. The wire medium is based on the macroporous matrix of lightly doped Si whose pores are filled with copper. We have studied experimentally the properties of this medium such as the change of the refractive index as a function of angle. Such samples fabricated by the electrochemical methods will allow to access experimentally many nontrivial properties of the hyperbolic metamaterials predicted theoretically, including subwavelength imaging, magnification of subwavelength images, ultra-high Purcell factor, and others.
